This research was performed to evaluate the effects of increasing doses of exogenous fibrolytic enzymes (EFE), namely at 0 (control), 1 (low), 2 (medium) and 4 (high) μL/g dry matter (DM), on the ruminal fermentation of low-quality agro-industrial by-products, grape pomace, almond hull and pomegranate peel. For pomegranate peel, the addition of EFE increased gas production linearly from the immediately soluble fraction, and from the insoluble fraction, the potential of gas production (significant linear effect), organic matter digestibility and metabolizable energy. The highest doses were the most effective. As the doses increased, the effectiveness increased accordingly. Unlike pomegranate peel, EFE had a quadratic effect on the indices of almond hull, namely a significant response on gas production from the immediately soluble fraction, the insoluble fraction, potential of gas production, organic matter digestibility and metabolizable energy. The lowest dose was the most effective while the highest dose had inhibitory effects for gas indices, organic matter digestibility and metabolizable energy. On the other hand, this supplementation had no effect on the ruminal fermentation of grape pomace. This study indicates that the response to this feed additive was influenced by the dose, the structure of the substrate, and the interaction between dose and the substrate. Exogenous fibrolytic enzymes could enhance the use of almond hull and pomegranate peel in ruminant nutrition, and reduce their negative environmental impact. ______________________________________________________________________________________
Introduction
In recent years, the dramatic increases in the prices of roughage and concentrates have necessitated the use of alternative feeds in animal nutrition, such as agro-industrial by-products. In addition, the use of agro-industrial by-products in animal nutrition reduces the negative environmental impact of the food industry (Elferink et al., 2008) . However, because of their poor quality, many agro-industrial by-products, such as almond hull, grape pomace and pomegranate peel, are rarely used in ruminant nutrition (Shabtay et al., 2008; Basalan et al., 2011; Jafari et al., 2011; Delavar et al., 2014) . Nevertheless, in recent years, the use of exogenous fibrolytic enzymes (EFEs) as feed additives for ruminants to increase the nutritive values of poorquality roughage has been the object of several studies. These feed additives reportedly increased digestibility (Salem et al., 2013 , Santana et al., 2018 , milk production (Mohamed et al., 2013) and average daily gain of ruminants (Salem et al., 2013) . In contrast, other studies reported that exogenous fibrolytic enzymes had minor effects (Peters et al., 2015) . However, no studies have evaluated the effect of this additive on grape pomace, almond hull and pomegranate peel. Therefore, the aim of this study was to evaluate the effects of commercial EFES on these agro-industrial by-products.
Materials and Methods
Samples of grape (Vitis vinifera) pomace, almond (Prunus amygdalus) hulls and pomegranate (Punica granatum) peels were collected from various regions in Tunisia. Samples were pre-dried at 55 °C in an oven to constant weight, then ground through a 1 mm screen. Dry matter (DM), organic matter (OM), crude protein (CP), crude fibre (CF), ether extracts (EE), calcium (Ca) and phosphorus were determined according to the methods described by AOAC (1990) . Neutral detergent fibre (NDF), acid detergent fibre (ADF) and acid detergent lignin (ADL) were assessed according to the method described by Van Soest et al. (1991) , using a fibre analyser (ANKOM 220 , ANKOM Technology, Macedon, NY). Condensed tannin (CT) contents were determined according to the method described by Makkar (2000) . The chemical analyses were conducted in triplicate.
The nitrogen-free extract (NFE) was obtained from the equation: NFE = 100 − (NDF + CP + EE + ash) (NRC, 2001) Hemicellulose and cellulose were calculated, using the difference between NDF and ADF, and between ADF and ADL, respectively (Van Soest et al., 1991) .
The EFEs that were used in this study were a liquid mixture of cellulase plus and xylanase plus (1 : 1/v : v) (Dyadic International Inc., Jupiter Florida, USA), which were extracted from Trichoderma longibrachiatum and analysed for their xylanase, endoglucanase and exoglucanase activities in three repetitions, according to the procedures of Wood & Bhat (1988) and Bailey et al. (1992) . These activities were determined at a pH of 6.6 and a temperature of 39 °C. These reflect the normal rumen conditions of the dairy cow. Xylanase activity was tested using (1%, w/v) oat spelt xylan (catalogueno.X-0627, Sigma Chemical Co., Saint-Louis, MO, USA) as a substrate. Endoglucanase activity was tested using 1% (v/v) medium viscosity carboxymethylcellulose sodium salt (catalogue no.C-4888, Sigma Chemical Co., SaintLouis MO, USA) as a substrate. Exoglucanase activity was examined using cellulose (catalogue no. S-3504, Sigma Chemical Co., St. Louis, MO, USA) as substrate.
The three by-products were sprayed with an EFE at 0 (control), 1 (low), 2 (medium) and 4 μL g/DM. These treatments were carried out 12 hours before the beginning of incubation.
The test of the ability of EFE to solubilize DM during the pre-interaction period with industrial by-products prior to incubation with rumen fluid was carried out according to the procedure of Elwakeel et al. (2007) . Samples of 1 g DM of each substrate, supplemented with the EFE of the appropriate dose, were weighed into glass flasks. Then 100 mL of distilled water was added. This mixture was stored for 12 hours at ambient temperature. After incubation, residues were recovered by filtration with Whatman 541 filter paper (Whatman Scientific Ltd, Maidstone, Kent, England). DM losses were determined according to the methods described by AOAC (1990) .
The in vitro gas production technique (Menke & Steingass, 1988 ) was used to study the effect of EFE supplementation on the gas production kinetics of by-product feedstuffs. Samples of 200 mg DM of each ground substrate were mixed with the appropriate enzyme products and doses, then put into 120 mL serum bottles. Each sample was incubated in triplicate with three runs for each treatment. Two non-lactating, fistulated Holstein cows were used as donors of rumen inoculum. These animals were fed twice daily with 8 kg/day of grass and 2 kg/day of a commercial concentrate. Rumen fluid from each animal was collected before the morning feeding via an electric pump. Rumen contents were mixed and filtered through two layers of cheesecloth under a continuous flow of CO 2 and were kept at 39 °C in a water bath. The rumen inoculum was diluted (1 : 2 v/v) with buffer solution (Menke & Steingass, 1988) . Thirty millilitres of the incubation inoculum were added to each serum bottle, which was closed with rubber stoppers, and placed at 39 °C in a shaking water bath for 96 hours. Three blank samples, that is, serum bottles without substrate, were also used to correct for gas production. Gas pressure was measured at 2, 4, 6, 8, 12, 24, 48, 72 and 96 hours after the start of incubation, using a pressure transducer (model PX4200-0100GI, Omega Engineering Inc., Laval, QC Canada) connected to a visual display transducer (Data Tracker 200, DataTrack Process Instruments Ltd, Christchurch). After each measurement, the gas was released. The net gas pressure for each treatment was calculated by subtracting the gas production from the blank bottles.
Kinetic gas production indices were estimated by using the non-linear model (Proc NLN) procedures of SAS (2001) to fit the data to the exponential model of Ørskov & McDonald (1979) :
where: GP is the cumulative volume of gas produced (mL/g DM); t is the incubation time (h); A is the gas production from immediately soluble fraction (mL/g DM); B is the gas production from immediately insoluble fraction (mL/g DM); A + B is the potential of gas production (mL/g DM); C is the rate of gas production for the insoluble fraction (mL/h).
The ME values and organic matter degradability (OMD) contents were estimated: where: ME is metabolizable energy in MJ/kg DM; OMD is organic matter degradability in %; CP is crude protein in % DM, ash in % DM; GP is the net gas production (mL) from 200 mg after 24 hours of incubation.
A completely randomized design with 4 × 3 factorial arrangement was used to assess the effect of the four doses of EFEs and of the three agro-industrial by-products. Mean values of each individual sample from each run in each treatment were used as the experimental unit. Data from the experiment were analysed using the general linear model (Proc GLM) procedure of SAS (2001), with the following model:
where: Y ijk is the dependent variable; μ is the overall mean; D i is the effect of the ith enzyme dose (I = control, low, medium and high); S i is the effect of the j th substrate (j = grape pomace, almond hull and pomegranate peel); (S × D) ij is the effect of the interaction between the enzyme dose and substrate; e ijk is the random residual error.
Orthogonal polynomial contrasts were used to examine the linear and quadratic effects of enzymatic preparation doses for each agro-industrial by-product. PROC IML of SAS (2001) was used to generate the orthogonal coefficients of unequally spaced treatment doses. Duncan's multiple range tests were used to test the significance of data means (Duncan, 1955) . A difference at P <0.05 was considered significant. (Van Soest, 1994) . The lignin fraction of grape pomace was very high. In fact, the latter decreased the attachment of ruminal microbes to feeds (Paya et al., 2007) . The condensed tannin levels of almond hull were very high, which can partially inhibit the activity of rumen flora (Williams & Coleman, 1992) .
Results and Discussions
The EFE used in this study contained 2267 units of xylanases/mL, 1161 units of endoglucanase/mL and 113 units of exoglucanase/mL.
The effects of EFE in DM disappearance after 12 hours of pre-incubation are shown in Figure 1 . The gas kinetics parameters and rumen fermentation profile are shown in Table 2 .
Figure1
Effect of exogenous fibrolytic enzymes on the dry matter disappearance after 12 h of pre-incubation a,b Different letters following mean doses for each agro-industrial by-product indicate that they are significantly different (P <0.05)
The addition of EFE improved gas production from the immediately soluble fraction of pomegranate peel at the highest dose (P <0.05, linear effect), and almond hull at a low dose (P <0.05, quadratic effect). This effect may be because of partial solubilisation of the DM during pre-incubation (Figure 1 ). The increase in gas production from the immediately soluble fraction may be a way of overcoming the problem of low intakes of these by-products (Wang et al. 2013) . Likewise, Wang et al. (2004) reported that the addition of a fibrolytic enzyme to wheat straw increased the soluble fraction. The supplementation of this additive also improved the gas production from the insoluble fraction of pomegranate peel at the highest dose (P <0.05, linear effect), and almond hull at a low dose (P <0.05, quadratic effect). This effect may be because of eliminating structural barriers during the pre-incubation period, which increased the attachment of ruminal micro-organisms to undigested feed particles and improved the number of ruminal cellulolytic bacteria (Nsereko et al., 2000; Wang et al., 2001; Giraldo et al., 2008) . Moreover, this supplementation increased the potential of gas production, OMD and ME of pomegranate peel at the highest dose (P <0.05, linear effect), and almond hull at a low dose (P <0.05, quadratic effect). Similar results were found by Togtokhbayar et al. (2015) for wheat straw. However, in the present study the very high dose of EFE had inhibitory effects (P <0.05, quadratic effect) for almond hull. The non-linear effects of EFE doses have also been proven in vivo (Kung et al., 2000) . Morgavi et al. (2004) hypothesized that the excessive doses of enzyme block the adhesion sites for the bacteria, which decreases microbial adhesion to the substrates. Nsereko et al. (2000) hypothesized that the free hydrolysed sugar that remains bound to the fibre after pre-treatment blocks the sites of action of the enzyme. Treacher & Hunt (1996) hypothesized that the excessive doses of enzymes can release anti-nutritional factors from the substrate, such as condensed tannin. Unlike with almond hull or pomegranate peel, the addition of EFE to grape pomace did not affect DM solubilize and ruminal fermentation. This result may be because of the high lignin contents of grape pomace, which protect cellulose and hemicelluloses from hydrolytic enzymes (Hatfield et al., 1999) . These results showed that the response to EFE addition was influenced by the by-products' substrate. The same result was found by Elghandour et al. (2016) and Santana et al. (2018 Different superscripts following mean doses in the column for each agro-industrial by-product indicate that they are significantly different (P <0.05) A: gas production from immediately soluble fraction (mL/g DM) B: gas production from insoluble fraction (mL/ g DM) (A + B): potential of gas production (mL/ g DM) C: rate of gas production for the insoluble fraction (mL/ h) ME: metabolizable energy (MJ/kg DM); OMD: organic matter degradability (%); SEM: standard error of mean ns: P >0.05; *P <0.05; **P <0.01; ***P <0.00
Conclusion
The effectiveness of EFE was influenced by the chemical composition of the by-products, the dose of the EFE, and the interaction between the dose and the substrate. This feed additive in particular increased the ruminal fermentation of almond hull at the lowest dose and pomegranate peel at the highest dose. It could enhance the use of low quality agro-industrial by-products such as almond hull and pomegranate peel in ruminant nutrition.
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